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The optical properties of single crystal Pr1.85Ce0.15CuO4 have been measured over a wide fre-
quency range above and below the critical temperature (Tc ≃ 20 K). In the normal state the coherent
part of the conductivity is described by the Drude model, from which the scattering rate just above
Tc is determined to be 1/τ ≃ 80 cm
−1. The condition that h¯/τ ≈ 2kBT near Tc appears to be
a general result in many of the cuprate superconductors. Below Tc the formation of a supercon-
ducting energy gap is clearly visible in the reflectance, from which the gap maximum is estimated
to be ∆0 ≃ 35 cm
−1 (4.3 meV). The ability to observe the superconducting energy gap in the
optical properties favors the nonmonotonic over the monotonic description of the d-wave gap. The
penetration depth for T ≪ Tc is λ ≃ 2000 A˚, which when taken with the estimated value for the dc
conductivity just above Tc of σdc ≃ 35 × 10
3 Ω−1cm−1 places this material on the general scaling
line for the cuprates defined by 1/λ2 ∝ σdc(T ≃ Tc) · Tc. These results are consistent with the
observation that 1/τ ≈ 2∆0, which implies that the material is not in the clean limit.
PACS numbers: 74.25.Gz, 74.25.-q, 74.72.-h
I. INTRODUCTION
The high-temperature copper-oxide superconductors
may be grouped into two broad categories; hole- and
electron-doped materials. The hole-doped materials con-
stitute the majority of the cuprate superconductors,
while electron doping is observed in a relatively small
number of materials, mainly the (Nd,Pr)2−xCexCuO4
systems1,2 and the infinite-layer (Sr,L)CuO2 (L =
La, Sm, Nd, Gd) materials.3,4 The phase diagrams
of the hole- and electron-doped materials have some
similarities,5 with the parent materials being antiferro-
magnetic (AFM) insulators in both cases. However, the
electron-doped materials are also noticeably different in
that the AFM region extends to a much higher doping
with an almost non-existent pseudogap region.6,7,8 In ad-
dition, the superconducting dome is quite small, with
relatively low critical temperatures (Tc’s). These differ-
ences have prompted some debate as to whether or not
the electron-doped materials were high-temperature su-
perconductors at all, or if they resembled more conven-
tional superconductors. While some work indicated that
the electron-doped materials possess an isotropic s-wave
superconducting energy gap,9,10 more recent studies have
suggested that the energy gap has nodes and is d-wave
in nature,11,12,13,14,15,16,17,18,19,20,21 similar to the hole-
doped materials.22,23 However, while the d-wave gap in
the hole-doped materials may be described in a mono-
tonic way, ∆(φ) = ∆0 cos(2φ), where ∆0 is the gap maxi-
mum and φ is a Fermi surface angle, the energy gap in the
electron-doped materials appears to be nonmonotonic,
i.e., ∆(φ) = ∆0 [cos(2φ)− a cos(6φ) + b cos(10φ)].18,19,20
In electron-doped materials, a pseudogap exists in the
underdoped regime and overlaps superconductivity over
a small portion of the phase diagram.24,25 In the normal
state above the superconducting dome, the conductivity
is reasonably metallic.24 The formation of a supercon-
ducting energy gap and the commensurate change in the
density of states (DOS) should lead to observable changes
in the low-energy optical properties. In initial opti-
cal studies of the electron-doped (Nd,Pr)2−xCexCuO4
materials,24,26,27,28,29,30,31,32,33,34 there was no definitive
signature in the reflectance of a gap opening. It was
suggested that this was due to the fact that the high-
temperature superconductors were in the clean limit (i.e.,
the regime where the normal-state scattering rate 1/τ ≪
∆0, or alternatively when the mean free path is much
greater than the coherence length, l≫ ξ0), where the for-
mation of a superconducting gap is difficult to observe.35
Interestingly, we have recently observed changes in the
reflectance of thin films of Pr2−xCexCuO4 above and be-
low Tc which track with doping,
36 indicating that these
features are associated with the superconducting energy
gap. However, in any study of thin films there is always
the concern that substrate-induced strain may affect the
structural and electronic properties of the film.
In this work we examine the optical properties of
an optimally-doped single crystal of Pr1.85Ce0.15CuO4
(Tc ≃ 20 K) for light polarized in the copper-oxygen
planes over a wide frequency range in the normal and
superconducting states. Some aspects of this work have
been previously reported.37 The results show a clear sig-
nature of the formation of a superconducting energy gap
in the reflectance and the optical conductivity, validat-
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2ing the earlier thin-film work.36 The normal-state proper-
ties are well described by a simple two-component model
(coherent and incoherent components), which allows the
plasma frequency of the coherent Drude component ωpd
and the scattering rate 1/τ to be determined. At 30 K,
1/τ ≃ 80 cm−1 or about 10 meV, which is consistent
with the observation that h¯/τ ≈ 2kBT near Tc in many
of the cuprate superconductors. In the superconducting
state, the real part of the dielectric function and optical
conductivity sum rules both yield estimates for the in-
plane penetration depth of λ ≃ 2000 A˚. From the struc-
ture observed in the reflectance below Tc, the gap maxi-
mum is estimated to be ∆0 ≃ 35 cm−1 (about 4.3 meV).
For values of 1/τ determined just above Tc, the result
that 1/τ ≈ 2∆0 (valid primarily along the antinodal di-
rection) indicates that the material is not in the clean
limit, in agreement with recent scaling arguments.38,39 In
addition, we speculate that the nonmonotonic nature of
the superconducting gap in this material results in large
changes to the joint density-of-states (JDOS) below Tc
relative to the monotonic case, allowing the formation
of the gap to be observed more easily in the optical re-
sponse.
II. EXPERIMENTAL
Single crystals of Pr1.85Ce0.15CuO4 were grown from
a CuO-based flux using a directional solidification
technique.40 A mixture of high-purity (99.9%) starting
materials of Pr6O11, CeO2 and CuO were heated rapidly
to just above the melting point (∼ 1270◦C for this Ce
concentration). After a soak of several hours at the
maximum temperature, the materials were cooled slowly
to room temperature. To induce superconductivity, the
crystals (typical size of 2×2 mm2 and ∼ 20µm thickness)
were oxygen reduced by annealing in an inert gas atmo-
sphere following a procedure similar to that described by
Brinkmann et al.41 The superconducting transition was
characterized by a SQUID magnetometer from Quantum
Design in a field of 1 Oe (ZFC), and the critical temper-
ature determined to be Tc ≃ 20 K. The observed value of
Tc for this Ce concentration is somewhat less than ideal,
suggesting that the sample may have been over-reduced.
The reflectance of single-crystal Pr1.85Ce0.15CuO4 has
been measured at a near-normal angle of incidence for
light polarized in the a-b planes from ≈ 18 to over
34 000 cm−1, above and below Tc, on Bruker IFS 66v/S
and IFS 113v spectrometers using an in-situ evaporation
technique.42 The noise in the far-infrared reflectance is
less than 0.05%, resulting in a signal-to-noise ratio of
better than 2000 : 1. The optical properties are calcu-
lated from a Kramers-Kronig analysis of the reflectance,
where extrapolations are supplied for ω → 0,∞. At low
frequency, a metallic Hagen-Rubens response is assumed
in the normal state (R ∝ 1−ω1/2), and a two-fluid model
was applied in the superconducting state (R ∝ 1 − ω2).
Above the highest-measured frequency in this experiment
FIG. 1: (Color online) The temperature dependence of the
reflectance at a near-normal angle of incidence of single crys-
tal Pr1.85Ce0.15CuO4 (Tc ≃ 20 K) from ≈ 18 to 34 000 cm
−1
for light polarized in the a-b plane above and below Tc. In-
set: The detailed temperature dependence of the far-infrared
reflectance above and below Tc. Note the kink and the sud-
den increase in the reflectance below ≃ 70 cm−1 for T ≪ Tc.
The sharp features in the reflectance are infrared-active lat-
tice modes. (The resolution is 2 cm−1.)
the reflectance of Pr1.85Ce0.15CuO4 has been employed
to about 35 eV;29 above that frequency a free-electron
approximation has been assumed (R ∝ 1/ω4).
III. RESULTS AND DISCUSSION
A. Optical and transport properties
The ab-plane reflectance of Pr1.85Ce0.15CuO4 (Tc ≃
20 K) is shown in Fig. 1 over a wide spectral range,
at a variety of temperatures above and below Tc.
The reflectance in the mid-infrared region and above
is consistent with previous studies of electron-doped
cuprates;24,26,27,28,29,30,31,32,33,34 there is a plasma edge
at ≈ 1.2 eV, and the reflectance throughout the mid-
infrared region increases with decreasing temperature.
The inset in Fig. 1 shows the low-frequency reflectance
at several temperatures above and below Tc. The sharp
structures in the reflectance that appear variously as
resonant and antiresonant features are infrared-active
lattice modes.43 The reflectance increases with decreas-
ing temperature, but there is little change between the
30 and 6 K spectra, with the exception of a kink at
≃ 70 cm−1, below which the reflectance increases rapidly
with decreasing frequency. This is the same feature in the
reflectance that was observed in thin-film studies,36 that
signals the formation of a superconducting energy gap.
The optical conductivity is shown over a wide fre-
3FIG. 2: (Color online) (a) The temperature dependence of
the real part of the optical conductivity over a wide frequency
range for Pr1.85Ce0.15CuO4 above and below Tc for light po-
larized in the a-b planes. (b) The low-frequency optical con-
ductivity. The conductivity in the normal state is described
by a Drude component that narrows rapidly with decreasing
temperature. Below Tc, there is a significant loss of spectral
weight at low frequency (arrow) due to the formation of a
condensate. The sharp features superimposed upon the elec-
tronic background at ≃ 306, 338, and 433 cm−1 (asterisks)
are infrared-active phonon modes.43
quency range in Fig. 2(a), and at low frequency in
Fig. 2(b). The conductivity in the normal-state can be
described as a combination of a coherent Drude compo-
nent that describes the far infrared response, and an in-
coherent component that dominates the mid infrared re-
gion. The “two-component” expression for the real part
of the optical conductivity is
σ1(ω) =
1
4 π
ω2pdΓ
ω2 + Γ2
+ σMIR, (1)
where ω2pd = 4πnde
2/m∗ is the square of the Drude
plasma frequency, nd is a carrier concentration associ-
ated with coherent transport, m∗ is an effective mass,
Γ = 1/τ is the scattering rate, and σMIR is the mid-
infrared component. [When ωpd and 1/τ are in cm
−1,
σ1 also has the units cm
−1; to recover units for the con-
ductivity of Ω−1cm−1, the term 1/4π in Eq. (1) should
be replaced with 2π/Z0, where Z0 = 377Ω is the char-
acteristic impedance of free space.] The Drude contribu-
tion has the form of a Lorentz oscillator centered at zero
frequency. The features in the reflectance attributed to
lattice modes appear as sharp resonances in the conduc-
tivity, shown in detail in Fig. 2(b). To apply the two-
component model to the data, it is necessary to specify
the nature of σMIR. The mid-infrared conductivity is
often described by a series of overdamped Lorentzian os-
cillators which yield a flat, incoherent response in this
region. However, this approach can be somewhat ar-
bitrary. To simplify the fitting a constant background
(σMIR ≃ 1000 Ω−1cm−1) has been used at low temper-
ature. The fitted results show that while the scattering
rate decreases from 1/τ = 130± 3 to 80± 2 cm−1 when
the temperature is reduced from 100 K to just above Tc
at 30 K, the Drude plasma frequency remains constant
at ωpd = 13 000± 200 cm−1. Transport measurements in
the electron-doped cuprates typically show a quadratic
form of the resistivity,17,44,45,46,47 ρ = ρ0 + aT
2, with a
weak temperature dependence near Tc, indicating that at
low temperatures 1/τ is dominated by ρ0. Interestingly,
the result that h¯/τ ≈ 2kBT close to Tc seems to be true
for many of the cuprates.
Note that ω2pd is a reflection of only those carriers that
participate in coherent transport, rather than the total
number of doped carriers determined from the classical
plasma frequency ω2p = 4πne
2/m. The value for ωp may
be estimated using several different techniques. The zero-
crossing of the real part of the dielectric function ǫ1(ω)
occurs at ωp/
√
ǫ∞. However, the presence of interband
absorptions that overlap with the coherent component,
as well as the difficulty in choosing the correct value of
ǫ∞, makes this approach unreliable. Another method is
the finite-energy f -sum rule48
∫ ωc
0
σ1(ω)dω ≈ ω2p/8, (2)
where ωc is a cut-off frequency. In the absence of other
excitations, this sum rule is exact in the ωc → ∞
limit. While this condition is difficult to achieve in the
cuprates, modifications to this sum rule based on an anal-
ysis of the absorption coefficient α(ω) have been sug-
gested by Hwang et al.49 Adopting this approach yields
ωp ≃ 19 300 cm−1, suggesting that only about half of the
doped carriers participate in coherent transport (assum-
ing the masses do not change), similar to the hole-doped
materials.50
While the majority of this paper is concerned with
the far-infrared optical properties, it is worth comment-
ing briefly on the behavior of the optical conductivity
throughout the rest of the infrared frequency range. As
Fig. 2(a) indicates, at room temperature the conductiv-
ity is quite broad, with little frequency dependence at
low energies; however, as the temperature decreases the
Drude component narrows rapidly. The reduction in 1/τ
leads to changes in the conductivity over much of the far
infrared; however, with the exception of a weak feature at
4≃ 18 000 cm−1, the high-frequency conductivity displays
little structure. While this result is consistent with an
earlier study of single crystal Nd1.85Ce0.15CuO4 grown
by a flux technique,30 other works on crystals grown us-
ing the traveling-solvent floating-zone method have re-
vealed some unusual structure in the 300 − 400 cm−1
(40−50 meV) region.24,32,33 The as-grown electron-doped
materials are not superconducting; they must be oxygen-
reduced to induce a Tc. Interestingly, the as-grown (or
oxygenated) samples show prominent structure in the re-
flectance in the 300 − 400 cm−1 region that manifests
itself as a suppression of the conductivity, that is al-
most completely removed upon oxygen reduction.31,32
We speculate that the differences observed in the vari-
ous works may be related to different levels of oxygen
reduction. As previously mentioned, the conductivity is
reasonably well described in the far-infrared region by
a Drude response. However, it has been noted in the
hole-doped cuprates that the modulus of the conduc-
tivity obeys a power law over much of the mid-infrared
region,51,52 |σ˜(ω)| ∝ ω−0.65. The log-log plot of the tem-
perature dependence of the modulus of the optical con-
ductivity vs frequency is shown in Fig. 3 for a variety of
temperatures over a wide frequency range. Throughout
much of the mid infrared, the modulus of the conduc-
tivity follows the power law |σ˜(ω)| ∝ ω−0.69, in good
agreement with the behavior observed in the hole-doped
cuprates.51,52,53,54,55,56 Below roughly 1000 cm−1 there
is a deviation from this power-law behavior at high tem-
perature. As the temperature decreases a linear behav-
ior is once again recovered; however, the exponent is now
larger |σ˜(ω)| ∝ ω−0.81, suggesting that the character of
the conductivity is different in these two regions.
Well below Tc, there is a substantial reduction in
the low-frequency conductivity [indicated by the arrow
in Fig. 2(b)]. The Ferrell-Glover-Tinkham (FGT) sum
rule57,58 states that the difference between the conductiv-
ity curves at T ≃ Tc and T ≪ Tc (the so-called “missing
area”) is related to the formation of a superconducting
condensate
∫ ωc
0+
[σ1(ω, T ≃ Tc)− σ1(ω, T ≪ Tc)] ≈ ω2ps/8, (3)
where ω2ps = 4πnse
2/m∗ is the square of the super-
conducting plasma frequency, ns is the superconduct-
ing carrier concentration, and ωc is chosen such that
ω2ps converges smoothly. The strength of the conden-
sate is simply ρs = ω
2
ps, which is related to the pene-
tration depth by ρs = c
2/λ2. The value of ρs may also
be estimated from the response of the dielectric func-
tion in the zero-frequency limit to the formation of a
condensate, which is expressed purely by the real part
ǫ1(ω → 0) = ǫ∞ − ω2ps/ω2 for T ≪ Tc. This allows
the strength of the condensate to be calculated from
ω2ps ≃ −ω2ǫ1(ω) as ω → 0. The frequency dependence of√
−ω2ǫ1(ω) is shown in Fig. 4 for Pr1.85Ce0.15CuO4 at
30 and 6 K. The low-frequency extrapolations employed
FIG. 3: (Color online) The log-log plot of the temperature
dependence of the modulus of the optical conductivity over a
wide frequency range above and below Tc. Throughout the
mid-infrared region (between the square and the diamond),
the modulus obeys a power-law behavior, |σ˜(ω)| ∝ ω−0.7. At
low temperature the power-law behavior is recovered again
at low frequency (between the square and the dot), |σ˜(ω)| ∝
ω−0.8. From the relation σ˜(ω) = σ1(ω)+iσ2(ω) = −i ω[ǫ˜(ω)−
ǫ∞]/4π, a value of ǫ∞ = 3.6 was used to determine σ2(ω).]
in the Kramers-Kronig analysis of the reflectance are in-
cluded to allow the ω → 0 values to be determined more
easily. In the normal state the function goes smoothly
to zero, indicating the absence of a condensate. Well
below Tc, the estimate for the superconducting plasma
frequency is ωps ≃ 7800 cm−1. This is consistent with
values of ωps ≃ 8000 cm−1 determined from the FGT
sum rule. From 1/λ = 2πωps the penetration depth is
determined to be λ = 2000 ± 100 A˚, similar to results
obtained from thin films with similar Tc’s.
36,59 A com-
parison of ωps to ωpd indicates that less than half of the
carriers involved in the coherent Drude component have
collapsed into the condensate (assuming similar effective
masses), a result that is consistent with the larger body
of work on the hole-doped materials.50
The relatively low values for Tc and λ for this mate-
rial, and the electron-doped materials in general, have al-
ways presented a challenge for the Uemura plot,60 which
relates the density of carriers in the superfluid to the
transition temperature, ρs ∝ Tc. While the Uemura
plot works well for the hole-doped cuprates in the un-
derdoped region, the electron-doped materials have typ-
ically fallen well off of the Uemura plot.30,61,62 Recently,
a more general scaling relation ρs ∝ σdc Tc (where σdc
is determined just above Tc) which allows the points for
the electron- and hole-doped cuprates to be scaled onto
the same universal line.38,39 The value of σdc close to Tc
is taken from both σ1(ω → 0) as well as Drude fits to
the lineshape of the conductivity, resulting in the esti-
mate σdc(T ≈ Tc) = 35 000± 3000 Ω−1cm−1; this places
5FIG. 4: (Color online) The temperature dependence of√
−ω2ǫ1(ω) of Pr1.85Ce0.15CuO4 at 30 and 6 K. The results
of the low-frequency extrapolations employed in the Kramers-
Kronig analysis below ≃ 18 cm−1 (dashed line) are included
as a guide to the eye.
the material almost directly on the ρs ∝ σdc Tc scaling
line. An implication of this result is the suggestion that
this material is not in the clean limit;39 this controversial
point will be examined in more detail in a subsequent
section.
B. Determination of the gap maximum
A reasonable estimate for the gap maximum may be
taken from a comparison of the reflectance at T ≃ Tc and
T ≪ Tc, shown in Fig. 5(a). Above about 70 cm−1 the
two curves are nearly identical, but below this value the
6 K reflectance displays a kink followed by an abrupt
increase; this feature has also been observed in our
measurements of the reflectance of thin films of this
material.36 The optical conductivity (and by extension,
the reflectance) of a material may be described by the
Kubo-Greenwood formula, which considers all the single-
electron transitions across the Fermi surface, a measure of
the JDOS.63 It is not possible to reproduce the structure
in the reflectance simply by considering the response of
the dielectric function to the formation of a condensate;
instead, the kink is associated with a DOS effect due to
the formation of a superconducting gap. From the JDOS,
the position of the kink should correspond to twice the
gap maximum. A reasonable estimate for twice the gap
maximum is therefore 2∆0 ≃ 70 cm−1, or ∆0 ≃ 4.3 meV;
this yields a ratio of 2∆0/kBTc ≃ 5, in good agreement
with previous thin film36 and single crystal results.64 Fur-
thermore, the value for ∆0 is in excellent agreement with
the values determined from Raman studies.18,19
The nature of the superconducting energy gap also
FIG. 5: (Color online) (a) The far-infrared reflectance of
Pr1.85Ce0.15CuO4 above and below Tc. The kink in the re-
flectance below Tc signals the formation of a superconducting
energy gap and denotes the value of 2∆0. The estimated noise
in the reflectance is indicated by the thick line at 50 cm−1;
the S/N is in excess of 2000 : 1, and no smoothing has been
applied to the data. (b) The calculated reflectance of a BCS
superconductor with an isotropic s-wave gap for a series of
temperatures at and below Tc.
plays a critical role in our ability to observe it. Gaps
with sharp features in the DOS, and therefore the JDOS,
should have features that are more easily observed in
the optical properties. To illustrate this point, gap func-
tions for isotropic s-wave, monotonic and nonmonotonic
d-wave materials are shown in Fig. 6(a) and ∆(φ)/∆0
is shown over the first quadrant in Fig. 6(b). The non-
monotonic d-wave gap will have a gap maximum much
closer to the nodes, resulting in a larger part of the Fermi
surface that is effectively gapped. In comparison, the
monotonic d-wave gap associated with the hole-doped
cuprates has a gap maximum far from the nodal regions
and the resulting JDOS is rather smeared out. We pro-
pose that the non-monotonic nature of the d-wave gap in
the electron-doped material makes it possible to identify
∆0 from the optical properties. However, this is by no
means restricted to the electron-doped materials. There
are large changes observed in the reflectance of the hole-
doped cuprates below Tc, the so-called “knee” in the
reflectance65 located at roughly 2∆0, that may be due
to DOS effects related to the formation of a supercon-
ducting energy gap.66 In those cases where this feature
6FIG. 6: (Color online) (a) A radial plot of the amplitude of an
isotropic s-wave gap (dotted line), a monotonic d-wave gap,
∆(φ) = ∆0 cos(2φ) (dashed line), and a nonmonotonic d-wave
gap, ∆(φ) = ∆0 [cos(2φ)− 0.42 cos(6φ) + 0.17 cos(10φ)].
Note that the gap functions are rotated by 45◦ with respect
to the hole-doped cuprates. (b) A linear plot of the same gap
functions over the first quadrant.
was observed above Tc, it was argued that it was not
related to the superconductivity. However, many of the
cuprate superconductors initially studied were naturally
underdoped; these materials display a pseudogap that
develops in the normal state.7 Angle resolved photoemis-
sion spectroscopy has demonstrated that the pseudogap
entails a partial gapping of the Fermi surface in a man-
ner similar to that of the superconducting energy gap.67
In addition, the calculations of the optical conductivity
based on a monotonic d-wave gap are in excellent agree-
ment with the experiment.68 Thus, the appearance of the
knee in the reflectance above Tc in the underdoped ma-
terials does not rule out the association of this feature
with the superconducting energy gap for T ≪ Tc.
While it is therefore possible to observe the DOS ef-
fects of the superconducting gap in materials with a sim-
ple monotonic d-wave gap, we argue that this task is
simplified considerably if the gap is nonmonotonic. To
elaborate on this point, we calculate the temperature
dependence of the reflectance of a material using the
BCS model with an isotropic s-wave gap for an arbi-
trary purity level.69 The normal-state is described us-
ing the Drude model with a plasma frequency of ωpd =
13 000 cm−1 and scattering rate 1/τ = 80 cm−1, while
below Tc the optical properties have been calculated with
a gap of 2∆ = 70 cm−1. The calculated reflectance curves
are shown in Fig. 5(b). The normal-state reflectance at
Tc is reproduced quite well, while below Tc the formation
of an isotropic s-wave gap produces a region of steadily
increasing reflectance for ω <∼ 2∆0; for T ≪ Tc the gap
is fully formed and the reflectance is unity below 2∆0.
While it is clear that the gap in Pr1.85Ce0.15CuO4 is d
wave, the nonmonotonic nature of the gap results in more
of the Fermi surface being more effectively gapped than
the monotonic case (reminiscent of an isotropic gap), re-
sulting in a JDOS which allows for the unambiguous de-
TABLE I: The estimated values at the nodal and antinodal
points of the Fermi surface for the Fermi velocity, scattering
rate and mean-free path (T >∼ Tc); the magnitude of the su-
perconducting energy gap and the coherence length (T ≪ Tc).
vaF 1/τ l ∆(φ) ξ
b
0,calc
Region (107 cm/s) (cm−1) (A˚) (meV) (A˚)
nodal 2.5 < 80 > 1000 → 0 →∞
antinodal 0.5 80 250 4.3 165
aThe experimental error is ∼ 20− 30% .
bThe coherence length is calculated from ξ0 = vF /(
√
12∆).
termination of 2∆0.
C. Anisotropy and the effects of disorder
In terms of the optically-determined values for 1/τ and
2∆0, the clean and dirty limits are defined as 1/τ ≪ 2∆0
and 1/τ >∼ 2∆0, respectively (where it is understood that
“dirty” refers to the effects of disorder and electronic
correlations rather than impurity effects). Although the
cuprates are generally considered to be in the clean limit,
we now are faced with the condition that 1/τ ≈ 2∆0,
which places the material close to the dirty limit. The
widely-accepted statement that this class of materials
is in the clean limit is based on the incorrect compar-
ison of the small value for the quasiparticle scattering
along the nodal direction and the gap value along the
antinodal direction, two different directions in momen-
tum space. This statement does not take into considera-
tion the anisotropic nature of the Fermi surface of these
materials in which both 1/τ and the superconducting en-
ergy gap vary significantly, depending on whether the
nodal or antinodal directions are being considered. For
instance, the quasiparticle scattering rate is observed to
drop abruptly in the cuprates below Tc after the antin-
odal region of the Fermi surface is gapped, suggesting
that the scattering rate in the nodal direction is much
smaller than the antinodal direction.70,71 (In the under-
doped cuprates the formation of a pseudogap leads to
much the same behavior in the normal state; the gap-
ping of the antinodal regions restricts the quasiparticles
to the nodal part of the Fermi surface, where they display
a metallic character,66,72 i.e., a “nodal metal”). In the
absence of a pseudogap, Matthiesen’s rule implies that
the 1/τ observed in the normal state therefore arises
from scattering mainly in the antinodal direction, and
that as a consequence 1/τ is anisotropic. In addition,
the superconducting energy gap is highly-anisotropic due
to its d-wave nature, with ∆0 in this work estimated to
be ≃ 4.3 meV. The comparison of the normal-state scat-
tering rate with the superconducting energy gap maxi-
mum correctly compares two quantities associated with
the antinodal direction.
In terms of the mean free path l and the superconduct-
ing coherence length ξ0, the clean and dirty limits are ex-
7pressed as l ≫ ξ0 and l ≤ ξ0, respectively. Allowing that
the mean free path is simply the Fermi velocity times
the scattering time, l = vF τ , and that the coherence
length for an isotropic gap in the weak-coupling regime
is ξ0 ≃ vF /(
√
12∆) (Ref. 73), then the statement that
1/τ ≈ 2∆0 and l ≈ ξ0 are roughly equivalent. In a previ-
ous study of Nd1.85Ce0.15CuO4, it was determined that
1/τ ≈ 100 cm−1 just above Tc (Ref. 30). Using an aver-
age value for the Fermi velocity of vF = 2.2 × 107 cm/s
(Ref. 74) yields l ≈ 730 A˚. Given that ξ0 ≃ 80− 90 A˚ in
the electron-doped materials,75,76 this appeared to justify
the statement that this material was in the clean limit,
contradicting the present result. However, in addition to
1/τ , the anisotropy of the Fermi velocity is also well doc-
umented in the high-temperature superconductors, and
is found to vary from vF ≈ 2.5−2.7×107 cm/s along the
nodal direction,77,78 to vF ≈ 0.5 × 107 cm/s along the
antinodal direction;79 while these values appear to be re-
markably universal, some sample and doping dependence
is expected. Thus, the mean free path determined from
1/τ should be based on the antinodal vF ; this yields a
significantly smaller value of l ≃ 250 A˚. Based on the
anisotropy of the Fermi velocity alone, the mean free path
along the nodal direction will be considerably larger. The
estimated value ∆0 in the present work is ≃ 4.3 meV;
using the value for the antinodal Fermi velocity yields
ξ0,calc ≃ 165 A˚, which is about twice as large as the com-
monly quoted experimental values of ξ0 = 80 − 90 A˚;
the lack of perfect agreement may be partially due to the
uncertainty in vF , but it is more likely a result of the
na¨ıve approach taken to calculate ξ0. In the nodal direc-
tion, the gap vanishes and the coherence length diverges.
These results are summarized in Table I.
What these calculations indicate is that the assertion
that l ≫ ξ0 arises only if the mean free path along the
nodal direction is compared with the coherence length in
the antinodal direction; if the nodal and antinodal direc-
tions are considered as separate cases, then it is indeed
the case that l ≈ ξ0. Thus, the result that 1/τ ≈ 2∆0 is
in fact consistent with the statement that l ≈ ξ0, where
it is understood that we are referring to the antinodal di-
rection. In fact, the statement 1/τ ≈ 2∆0 should be con-
sidered more robust because it does not rely on vF . This
implies that the material is not in the clean limit. Note
that this statement should be qualitatively correct along
the nodal direction as well, but because precise values of
l and ξ0 [or 1/τ and ∆(φ)] are difficult to determine, this
statement is somewhat speculative.
IV. CONCLUSIONS
The ab-plane optical properties of single crystal
Pr1.85Ce0.15CuO4 (Tc ≃ 20 K) have been examined above
and below Tc. In the normal state just above Tc, the co-
herent part of the optical conductivity may be described
by a simple Drude component with ωpd ≃ 13 000 cm−1
and 1/τ ≃ 80 cm−1. It is noted that the condition
h¯/τ ≈ 2kBT near Tc observed in this material is gener-
ally true for many other cuprate superconductors. Below
Tc, the superconducting plasma frequency is estimated
to be ωps ≃ 7800 cm−1, yielding a penetration depth of
λ ≃ 2000 A˚; when combined with the optical estimate
for the dc resistivity σdc just above Tc, this material falls
on the scaling relation ρs ∝ σdcTc recently proposed for
the cuprate superconductors.38,39 The estimate for the
superconducting gap maximum 2∆0 ≃ 70 cm−1 is in
good agreement with previous results,18,36 and is con-
sistent with the view that the superconducting energy
gap is most likely nonmonotonic d wave. The result that
1/τ ≈ 2∆0 implies that this material is not in the clean
limit, a self-consistent result that by its own nature al-
lows for the direct observation of the superconducting
energy gap.
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